Aim: Liver failure is associated with dyshomeostasis of efflux transporters at the blood-brain barrier (BBB), which contributes to hepatic encephalopathy. In this study we examined whether breast cancer resistance protein (BCRP), a major efflux transporter at the BBB, was altered during liver failure in rats. Methods: Rats underwent bile duct ligation (BDL) surgery, and then were sacrificed after intravenous injection of prazosin on d3, d7 and d14. The brains and blood samples were collected. BCRP function at the BBB was assessed by the brain-to-plasma prazosin concentration ratio; Evans Blue extravasation in the brain tissues was used as an indicator of BBB integrity. The protein levels of BCRP in the brain tissues were detected. Human cerebral microvessel endothelial cells (HCMEC/D3) and Madin-Darby canine kidney cells expressing human BCRP (MDCK-BCRP) were tested in vitro. In addition, hyperbilirubinemia (HB) was induced in rats by intravenous injection of unconjugated bilirubin (UCB). Results: BDL rats exhibited progressive decline of liver function and HB from d3 to d14. In the brain tissues of BDL rats, both the function and protein levels of BCRP were progressively decreased, whereas the BBB integrity was intact. Furthermore, BDL rat serum significantly decreased BCRP function and protein levels in HCMEC/D3 cells. Among the abnormally altered components in BDL rat serum tested, UCB (10, 25 µmol/L) dose-dependently inhibit BCRP function and protein levels in HCMEC/D3 cells, whereas 3 bile acids (CDCA, UDCA and DCA) had no effect. Similar results were obtained in MDCK-BCRP cells and in the brains of HB rats. Correlation analysis revealed that UCB levels were negatively correlated with BCRP expression in the brain tissues of BDL rats and HB rats as well as in two types of cells tested in vitro. Conclusion: UCB elevation in BDL rats impairs the function and expression of BCRP at the BBB, thus contributing to hepatic encephalopathy.
Introduction
Hepatic encephalopathy (HE) is a neuropsychiatric complication that occurs in both acute and chronic liver failure and results from the accumulation of neurotoxic and/or neuroactive substances in the brain [1] . Clinical manifestations of HE include personality changes, sleep disturbances, attention . The BBB is further fortified by ATP-binding cassette (ABC) efflux transporters, thus preventing xenobiotics from entering the brain. P-glycoprotein (P-gp, ABCB1), the multidrug resistance-associated protein family (Mrps, ABCCs) and breast cancer resistance protein (BCRP, ABCG2) are major members of the ABC transporter superfamily that are highly expressed in the microvessel endothelial cells of the brain [4, 5] . The efficacy and toxicity of drugs targeting the central nervous system are largely deter-mined by the function and expression of these transporters and by their selectivity and affinity toward the substrates [6, 7] . Several studies have verified that the functions of P-gp and Mrp2 at BBB are affected by various disease states, including diabetes mellitus [8, 9] , acute myeloid leukemia [10] , cancer [11] and liver failure [12] [13] [14] . Our previous studies have also demonstrated that both the function and expression of P-gp and Mrp2 are markedly altered in brain tissues in thioacetamide/ hyperammonemia-induced liver dysfunction rodent models [15, 16] .
In addition to the well-recognized role of P-gp and Mrp2, BCRP is an important efflux transporter that restricts the entrance of certain substances into brain [17] [18] [19] . Several studies have demonstrated that the function and expression of BCRP at the BBB are markedly altered under various disease states, including diabetes mellitus [20] , primary CNS lymphoma [21] and glioblastoma [22] . However, little is known about the function and expression changes of BCRP at the BBB during liver failure. Bile-duct ligation (BDL) is a common rat model of chronic liver disease that reflects HE associated with cirrhosis and portal hypertension [23] and mimics biliary liver disease in humans [24] . Significantly elevated unconjugated bilirubin (UCB) is a main feature of BDL and may contribute to the deterioration of liver function [25] [26] [27] . Several studies have demonstrated the modulation of Mrps and Pgp by UCB [28, 29] , but information on how UCB regulates BCRP at the BBB is limited.
The aim of the study was first to investigate whether BDL altered the expression and function of BCRP in the brains of rats by using Western blotting and assessment of the concentration of prazosin, which is a typical substrate of BCRP [30] [31] [32] [33] , respectively, and then to identify components in BDL rat serum that affected BCRP function and expression, by using human cerebral microvessel endothelial cells (HCMEC/D3) and Madin-Darby canine kidney cells expressing human BCRP (MDCK-BCRP) as in vitro models. Additionally, the contribution of UCB to the altered function and expression of BCRP in the brain by BDL was further investigated by both in vitro and in vivo studies.
Materials and methods

Reagents
Prazosin hydrochloride and terazosin hydrochloride were purchased from the National Institute of Control Pharmaceutical and Biological Products (Beijing, China). Bilirubin was supplied by Sigma-Aldrich (St Louis, MO, USA). Evans blue was purchased from Shanghai Reagent Co (Shanghai, China). The human cerebral microvessel endothelial cell line (HCMEC/D3) was purchased from JENNIO Biological Technology Ltd (Guangzhou, China). The Madin-Darby canine kidney expressing human BCRP cells (MDCK-BCRP) and Madin-Darby canine kidney wild type cells (MDCK-WT) were provided by Biowit Technologies Ltd (Shenzhen, China). Fetal bovine serum was purchased from ScienCell Research Laboratories (San Diego, CA, USA). Dulbecco's modified Eagle's medium (DMEM) and RPMI-1640 Medium were obtained from Invitrogen Co (Carlsbad, CA, USA). Rabbit polyclonal antibodies specific for ABCG2 (M-70), occludin (H-279) and claudin-5 (H-52) were purchased from Santa Cruz Technology (Santa Cruz, CA, USA). Horseradish peroxidase (HRP)-conjugated anti-rabbit IgG was obtained from Cell Signaling Technologies (Danvers, MA, USA). The antibody specific to β-actin was purchased from Bioworld (Louis Park, MN, USA). Kits for bilirubin, bile acids, serum albumin and malondialdehyde (MDA) content detection, activity assays of superoxide dismutases (SOD), levels of ATP, NO, alanine amino transferase (ALT), aspartate amino transferase (AST) and alkaline phosphatase (ALP) were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Radioimmunoprecipitation (RIPA) lysis buffer for protein extraction and bicinchoninic acid (BCA) kit for protein concentration detection were provided by Beyotime Institute of Biotechnology (Haimen, China). Deionized water was purified using a Milli-Q system (Millipore, Bedford, OH, USA ). All other reagents used were of analytical grade and were commercially available.
Animals
Male Sprague-Dawley (SD) rats, weighing 220-250 g, were purchased from SIPPR/BK Experimental Animal Co Ltd (Shanghai, China). They were acclimated to the facilities for 7 d prior to experiments. Rats were housed under controlled environmental conditions (temperature, 23±1 °C; humidity, 55%±5%; 12-h light/dark cycle) and were given a commercial food diet and water ad libitum, except for an overnight fast before the surgery. All animals received humane care, and their use was approved by the Animal Ethics Committee of China Pharmaceutical University.
Development of BDL rats BDL rats were induced according to a previously described method [24, 34, 35] . Briefly, rats were anesthetized via an injection of pentobarbitone (40 mg/kg, ip). The common bile duct was later exposed by midline abdominal incision and doubly ligated with 4-0 silk sutures, and this was followed by transecting between the ligatures. In sham-operated animals, laparotomy was performed to expose the common bile duct without ligation. The abdominal incision was closed in two layers, and all animals were allowed to recover. The BDL rats were randomly divided into 3 groups, group I (BDL-3d), group II (BDL-7d) and group III (BDL-14d), which were housed for 3, 7 and 14 d after BDL surgery, respectively. On d 3, 7 and 14 following surgical operation, 5 surviving animals from each group were selected for the following experiments.
Brain distribution of prazosin and Evans Blue in BDL rats The brain distribution of prazosin was measured according to a previously described method [20] . Briefly, the rats were sacrificed under light ether anesthesia 40 min following the administration of prazosin (1 mg/kg, iv). Thereafter, the cerebral cortex, hippocampus and blood samples were immediately obtained. Plasma and serum samples were used for substrate analysis and biochemical parameter measurements, respectively. The brain tissues were obtained for substrate analysis, Western blot analysis and biochemical parameter measurements. The levels of bilirubin, bile acids, serum albumin and activities of ALT, AST and ALP in serum and levels of MDA, SOD, ATP and NO in brain were determined with commercial reagent kits according to the manufacturer's instruc tions [15, 36, 37] . Livers and spleens were also isolated and weighed. The concentrations of prazosin in the cerebral cortex, hippocampus and plasma were determined using high-performance liquid chromatography (HPLC). The BBB integrity of Sham and BDL rats was investigated by the extravasation of Evans Blue in the brains of Sham and BDL rats, according to a previously described method [8] . Briefly, Evans Blue (2% in saline, 4 mL/kg) was injected intravenously into the rats in groups II and III and in the Sham group. After 1 h, rats were sacrificed and perfused with physiological saline through the left ventricle until colorless perfusion fluid was seen to return to the right atrium. Then, the cerebral cortex and hippocampus were removed, and the levels of Evans Blue were measured by spectroflurophotometry (ex/em: 620 nm/680 nm).
Histopathological analysis of liver
The liver specimens from Sham and BDL rats were excised and fixed in 10% formalin solution and routinely processed, and the tissue blocks were embedded in paraffin. Thin sections (4 µm) were cut using a rotary ultra microtome, distributed onto glass slides and dried overnight. Then, the slides were stained with hematoxylin-eosin (H&E) and examined by light microscopy for tissue damage (200×).
Effects of BDL rat serum on the function and expression of BCRP in HCMEC/D3 and MDCK-BCRP cells After incubation with serum from experimental rats, prazosin uptake and Western blotting were used to assess the function and expression of BCRP in HCMEC/D3 and MDCK-BCRP cells. The sera of Sham and BDL rats were inactivated by heating at 56 °C for 30 min following filtering through a 0.22 µm filter. Sub-confluent (approximately 80%) cells were incubated with RPMI-1640 medium or DMEM containing 10% serum from Sham or BDL rats for 24 h. Then, the uptake experiment was performed according to a previously described protocol with minor modifications [38] . Briefly, after treatment with the rat serum, cells were pre-incubated in 1 mL of Hanks' balanced salt solution (HBSS) at 37 °C for 15 min. Then, the solution was replaced by 1 mL of HBSS containing prazosin (0.5 μmol/L), and the cells were incubated for another 120 min. The uptake reaction was terminated by washing with 1 mL of ice-cold HBSS for three times; thereafter, 0.3 mL of purified water was added, frozen and melted repeatedly (three times) to break down the cells. The intracellular concentrations of prazosin were measured. The protein content was measured by using a BCA protein assay kit according to the manufacturer's instructions. Uptake, which was expressed as the cell-tomedium ratio (mL/mg protein), was obtained by dividing the substrate concentrations in incubation medium (μg/mL) by the retained amount of substrate in the cells (μg/mg protein). Another subset of cells cultured with experimental rat serum was obtained for Western blot analysis.
Effects of abnormally altered components in BDL rat serum on BCRP function and expression in HCMEC/D3 and MDCK-BCRP cells The effects of UCB, chenodeoxycholic acid (CDCA), ursodeoxycholic acid (UDCA) and deoxycholic acid (DCA) on BCRP function and expression were examined in HCMEC/D3 and MDCK-BCRP cells. Briefly, sub-confluent (approximately 80%) cells were exposed to RPMI-1640 medium or DMEM containing different concentrations of UCB (0, 10, or 25 µmol/L), CDCA (0, 10, or 100 µmol/L), UDCA (0, 10, or 100 µmol/L) and DCA (0, 10, or 100 µmol/L) for 24 h. Data from the MTT assay showed that these agents did not damage cell viability at the concentrations tested. The function and expression of BCRP in HCMEC/D3 and MDCK-BCRP cells were evaluated by prazosin uptake and Western blotting, according to the method described above.
Effects of UCB treatment on the function and expression of BCRP in rat brains
To further confirm the contribution of UCB to the altered function and expression of BCRP by BDL, hyperbilirubinemia (HB) rats were developed by administering an intravenous dose of UCB (85.5 μmol/kg per day) to normal rats according to a previously described method, performed with minor modifications [29, 39] . The rats used for experiments after 3, 7 and 14 d of consecutive UCB administration were defined as HB-3d, HB-7d and HB-14d rats, respectively. The control group was treated with vehicle. On the experimental day, 10 min after UCB administration, prazosin (1 mg/kg) was administered intravenously. Then, 40 min after prazosin administration, the rats were sacrificed to isolate the blood and brain tissues. The concentrations of bilirubin in the serum were measured. Then, substrate and Western blot analyses were carried out as described above.
Western blot analysis
The protein levels of BCRP, occludin and claudin-5 in rat brain and the protein levels of BCRP in HCMEC/D3 and MDCK-BCRP cells were measured by Western blot analysis. Briefly, the homogenized brain samples of rats and collected cell samples were lysed in RIPA lysis buffer in the appropriate proportions. The protein concentrations of tissues and cell lysates were measured by using a BCA protein assay kit. Equal amounts of proteins were separated by electrophoresis on SDS-polyacrylamide gels and were electrophoretically transferred to polyvinylidene fluoride membranes (Millipore Corporation, Billerica, MA, USA). Blots were blocked in 5% nonfat dry milk-TBS-0.1% Tween 20 at room temperature for 2 h and then washed. Thereafter, the membranes were incubated with primary antibodies overnight at 4 °C, and this was followed by incubation with an HRP-conjugated secondary anti-rabbit antibody (1:5000 dilution) for 2 h. Detection was performed using SuperSignal West Femto Chemiluminescent Substrate (Thermo Fisher Scientific Inc, Rockford, IL, USA) and a gel imaging system (Tanon 5200 multi, Tanon Science Instruments Co, Ltd, Shanghai, China). The primary antibodies used were against BCRP (1:200 dilution), occludin (1:250 dilution), claudin-5 (1:250 dilution) and β-actin (1:2500 dilution). Intensity values were normalized to the quantity of β-actin for each protein and analyzed with Image Gel software.
Correlation between UCB level and BCRP expression
We performed correlation analysis to further study the relationship between the UCB level and BCRP expression. The connection between the serum UCB levels and the BCRP protein levels in the brains of BDL or HB rats were studied. Because we used experimental rat serum to treat HCMEC/D3 and MDCK-BCRP cells, the relations of UCB levels with BCRP protein levels in cells were also investigated.
Statistical analysis
Values are expressed as the mean±standard deviation (SD). Significant differences among groups were analyzed by using one-way analysis of variance (ANOVA) followed by Tukey's post hoc test. Significant differences between two groups was determined by Student's t-test. The relationship between two variables was analyzed by use of linear regression analysis. A P value less than 0.05 indicated a significant difference.
Results
Alterations in physiological and biochemical parameters in BDL rats Liver failure in rats induced by BDL was confirmed by assessment of physiological and biochemical parameters ( Table 1) . The liver weight, alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), total bile acids, total bilirubin and conjugated bilirubin levels in BDL rat serum were significantly higher than those in Sham rats. The serum albumin levels of BDL rats were significantly lower than those of Sham rats. The levels of ATP and NO in the cerebral cortexes of BDL rats showed significant decreases compared with those of Sham rats. However, neither the levels of malondialdehyde (MDA) nor the activities of superoxide dismutases (SOD), which are indicators of oxidative stress [40] , were altered by BDL in either the cerebral cortex or the hippocampus.
Effect of BDL on histopathological alterations in rat livers
Histological assessment was used to verify liver injury induced by BDL. Histopathological changes were observed in the livers of all BDL groups compared with those of the Sham group. The livers in BDL rats showed clear hydropic degeneration, inflammatory infiltration and hepatocellular damage (Figure 1) . The histopathological studies and the results of physiological and biochemical parameter examinations suggested that the liver function of the rats was damaged, exhib- iting progressive necrosis in a time-dependent manner after BDL.
Effects of BDL on the brain distribution of prazosin and Evans Blue in rats
The results showed that BDL significantly increased prazosin concentrations in the cortexes and hippocampi of rats ( Figure   2A ). In contrast, plasma concentrations of prazosin in BDL rats showed a trend of decreasing over the time course of BDL ( Figure 2B ), significant changes were observed in rats on d 7 and 14 after BDL. Because the brain concentrations of prazosin were affected by the plasma concentrations, the brain-to-plasma concentration ratio of prazosin was calculated and served as the index of brain penetration [15] . Significant increases in the brain-to-plasma concentration ratios of prazosin were observed in the cortex and hippocampus. Brainto-plasma concentration ratios of prazosin in BDL-14d rats displayed a recuperative trend but were still higher than those in Sham rats ( Figure 2C ).
To investigate whether the increased transportation of prazosin across the BBB resulted from the changes in BBB integrity, the concentrations of Evans Blue in the cerebral cortexes and hippocampi of BDL-7d and BDL-14d rats were measured at 1 h after the iv administration of Evans Blue. No significant differences in the Evans Blue distribution between Sham and BDL-treated rats were found ( Figure 2D ), indicating that BDL did not impair the integrity of BBB. These results all indicated that the increased transport of prazosin across the BBB might be due to the impairment of BCRP function at the BBB of BDL rats.
Effects of BDL on the protein levels of BCRP, occludin and claudin-5 BBB integrity is largely determined by the tight junctions (TJs) of the cerebral endothelial cells. Both occludin and claudin-5 are considered to be major TJ proteins because they are essential for maintaining the functional status of BBB [41] . The protein levels of BCRP, occludin and claudin-5 in rat brain www.nature.com/aps Xu P et al
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were measured using Western blotting. The BCRP levels in the cerebral cortexes and hippocampi in BDL rats were significantly decreased, and the greatest changes in the BCRP levels were observed in BDL-7d rats. However, BDL did not affect the expression of occludin and claudin-5 in rat brains (Figure 3 ).
Effects of BDL rat serum on the function and expression of BCRP in HCMEC/D3 cells The function and expression of BCRP were determined using uptake of prazosin and Western blotting in HCMEC/D3 cells after 24 h of incubation with medium containing 10% serum from experimental rats. The results showed that BDL rat serum significantly increased the uptake of prazosin and decreased the protein levels of BCRP ( Figure 4A and 4B), consistently with the in vivo data, thus indicating that some abnormal components in BDL rat serum may impair BCRP function at BBB.
Effects of abnormally altered components in BDL rat serum on the function and expression of BCRP in HCMEC/D3 cells
The present results showed that BDL rats exhibited significant elevations in the serum levels of UCB and bile acids. The effects of these abnormally altered components on BCRP function and expression in HCMEC/D3 cells were examined. The results clearly demonstrated that incubation with 25 µmol/L UCB significantly increased the uptake of prazosin and downregulated the expression of BCRP protein in HCMEC/D3 cells. Moreover, the data showed that all of the tested bile acids (CDCA, UDCA, and DCA) increased the uptake of prazosin in HCMEC/D3 cells in a concentration-dependent manner but did not affect the expression of BCRP protein ( Figure 4C-4E) .
Effects of abnormally altered components in BDL rat serum on the function and expression of BCRP in MDCK-BCRP cells MDCK cells transfected with the human ABCG2 gene (MDCK-BCRP) were used to further investigate the effects of abnor- Figure 5D-5F ).
Effects of UCB on the function and expression of BCRP in rat brains
The role of UCB in the altered function and expression of BCRP in rat brains was further verified in hyperbilirubinemia (HB) rats. The elevated UCB concentrations suggested the development of HB rats ( Figure 6A ). Consistently with our expectations, UCB treatment significantly increased the brain www.nature.com/aps Xu P et al Acta Pharmacologica Sinica levels of prazosin, thus leading to significantly elevated brainto-plasma concentration ratios of prazosin in the cortexes and hippocampi of HB rats ( Figure 6B-6D) . Moreover, UCB treatment reduced the BCRP levels in the cerebral cortexes and hippocampi of HB rats in a time-dependent manner ( Figure 6E and 6F).
Correlations between UCB levels and BCRP expression
To further study the relationship between UCB concentrations and BCRP protein levels, correlation analysis was performed. Strongly negative correlations between UCB levels and BCRP expressions in the cortexes and hippocampi of BDL rats (Figure 7A and 7B) and HB rats ( Figure 7C and 7D) were observed. Markedly negative relations of UCB levels with BCRP protein levels in HCMEC/D3 cells ( Figure 7E ) and MDCK-BCRP cells ( Figure 7F ) cultured with experimental rat serum were also found, thus suggesting a central role of elevated UCB levels in the BDL-induced downregulation of BCRP function and expression in rats.
Discussion
Liver failure in rats induced by BDL is a frequently used animal model that mimics low-grade encephalopathy, according to the International Society for Hepatic Encephalopathy and Nitrogen Metabolism (ISHENM) [23] . The aim of this study was to investigate the function and expression of BCRP at the BBB in BDL rats. Liver failure was confirmed by alterations in the physiological and biochemical parameters and by histopathological examinations. The main finding in this study was that BDL significantly increased the brain-to-plasma ratios of prazosin in both the cortexes and hippocampi of rats. This result was corroborated by the simultaneous decrease in expression of the BCRP protein. The key role of UCB in the altered function and expression of BCRP at BBB was verified with in vivo and in vitro studies.
It is generally accepted that the impairment of BBB integrity increases the passage of molecules from the circulation into the CNS. Herein, the brain concentrations of Evans Blue in the Sham and BDL-treated groups were similar, and neither occludin nor claudin-5 expression was altered by BDL in the brains of rats, thus indicating that the BBB remained intact. All of the data support the conclusion that the increased brain penetration of prazosin in the cortexes and hippocampi of BDL rats was at least partly due to a decrease in the function and expression of BCRP. It should also be noted that reports on BBB integrity in BDL rats often conflict. Several reports have shown that BDL affects neither BBB integrity [42] nor the www.nature.com/aps Xu P et al Acta Pharmacologica Sinica expression of occludin and claudin-5 in the brains of rats [43] , which is consistent with our findings. However, Faropoulos et al have reported that BDL time-dependently down-regulates occludin expression in the brains of rats [35] . Another study has demonstrated that BDL impairs the BBB integrity of rats, as evidenced by increased brain extravasation of Evans Blue [44] . The reason for this discrepancy is unclear, but it might be related to the duration of HE or animal strains and remains to be further explored.
Serum from experimental animals has been used to investigate the effects of pathological factors in in vitro cell models, such as rat brain microvessel endothelial cells [44] and human endothelial cells [45] . In this study, the effects of serum from BDL rats on the function and expression of BCRP were also investigated by using HCMEC/D3 cells, a human cerebral microvascular endothelial cell line. The results clearly demonstrated that co-incubation with 10% serum from BDL rats significantly depressed the BCRP function and expression, indicating that some abnormally altered components in BDL rat serum might contribute to the impaired BCRP function and expression. Notably, BDL has been reported to be accompanied by hyperbilirubinemia and elevated bile acid concentrations [29] , which was confirmed by our work. Therefore, we demonstrated the effects of UCB and bile acids (CDCA, UDCA and DCA) on BCRP function and expression in HCMEC/D3 cells. Interestingly, our data indicated that UCB down-regulated BCRP function and expression in a concentration-dependent manner, consistently with our expectations. However, the tested bile acids reduced BCRP function without affecting its expression. These findings were further verified using MDCK-BCRP cells. The importance of UCB to the impaired function and expression of BCRP in the brains of BDL rats was further supported by the results in HB rats. Strongly negative correlations were observed between the UCB concentrations and BCRP protein levels in BDL rats, HB rats and cells cultured with experimental rat serum. All of the results suggested that UCB may be the key serum component that impairs the BCRP function and expression at the BBB in BDL rats. In addition, concentrations of prazosin in the plasma of BDL rats and hyperbilirubinemia rats were lower than those in the plasma of control rats, indicating that the decreased concentrations of prazosin may be partly attributed to the elevated levels of UCB. This needs to be investigated further.
In conclusion, the present study provided experimental evidence that BDL down-regulates the function and expression of BCRP at the BBB both in vivo and in vitro. The reduced BCRP function and expression were at least partially due to the elevated UCB content. Given that obstructive jaundice leads to portal hypertension, and prazosin is commonly used to reduce hepatic venous pressure gradient [46] , alterations of BCRP at the BBB in obstructive jaundice may affect the brain penetration of prazosin, resulting in increased distribution of prazosin in the brain. Similar risks may also exist when administrating antivirals such as abacavir or antibiotics such as ciprofloxacin to patients with liver disease, because such drugs are substrates of BCRP [47, 48] . 
